The adsorption of cysteine on the pyrite (1 0 0) surface was evaluated by using first-principles-based density functional theory (DFT) and X-ray photoelectron spectroscopy (XPS) measurements. The frontier orbitals analyses indicate that the interaction of cysteine and pyrite mainly occurs between HOMO of cysteine and LUMO of pyrite. The adsorption energy calculation shows that the configuration of the -OH of -COOH adsorbed on the Fe site is the thermodynamically preferred adsorption configuration, and it is the strongest ionic bond according to the Mulliken bond populations. As for Fe site mode, the electrons are found transferred from cysteine to Fe of pyrite (1 0 0) surface, while there is little or no electron transfer for S site mode. Projected density of states (PDOS) is analyzed further in order to clarify the interaction mechanism between cysteine and the pyrite (1 0 0) surface. After that, the presence of cysteine adsorption on the pyrite (1 0 0) surface is indicated by the qualitative results of the XPS spectra. This study provides an alternative way to enhance the knowledge of microbe-mineral interactions and find a route to improve the rate of bioleaching.
Introduction
Bioleaching technology plays an important role in cost-effective recovery of valuable metals from low-grade sulfide mineral resources [1] . During bioleaching, the sulfide minerals are attacked by Fe 3+ , producing elemental sulfur and other sulfur compounds as well as Fe 2+ that are further oxidized by bioleaching microorganisms to provide Fe 3+ and H + for the further dissolution of sulfide minerals [2] . The bioleaching process actually involves complicated solution-mineral-microorganisms multiphase interface interactions, in which the microbe-mineral interface interaction plays a decisive role [3, 4] . Macroscopic phenomena such as dissolution, precipitation, transformation, and synthesis of minerals are caused by micro-scale microbe-mineral interactions during the bioleaching process [5] . Microbial adsorption is an important process of mineral-microbe interface interactions. After being adsorbed on the mineral surface, the microbial cells' secretion of extracellular organic matter increases significantly. The biofilms formed by bridging of extracellular organic matter are the main sites pyrite [35] , a 2 × 2 × 1 supercell was built with a vacuum slab of 15 Å [36] . In all slab calculations, the top most three surface layers of S-Fe-S were allowed to relax while the other layers remained fixed at positions consistent with bulk pyrite [37] . The pH for bioleaching ranges from 1.0 to 3.0, so a model of the protonated cysteine was built, which was then placed inside a 15 × 15 × 15 Å slab for optimization. The convergence tolerances were set to the maximum displacement of 0.002 Å, the maximum force of 0.05 eV/Å, the maximum energy change of 2.0 × 10 −5 eV/atom under the maximum stress of 0.1 GPa. The SCF convergence tolerance was set to 2.0 × 10 −6 eV/atom. Spin polarized was considered for all the calculations.
The frontier orbitals (HOMO and LUMO) of pyrite and cysteine were calculated by DMol3 after optimization by CASTEP. All the calculations were performed with GGA-PBE functional, Monkhorst-Pack k-point of Gamma, a fine quality and SCF convergence threshold of 1.0 × 10 −6 eV/atom [38] .
Experimental Details
L-Cysteine (Sigma-Aldrich Co., St. Louis, MO, USA) was dissolved in deoxygenated ultrapure water to a concentration of 1 mg/L (pH 2). A single crystalline cube pyrite used in this study was provided by the School of Minerals Processing and Bioengineering, Central South University, Changsha, China. Combining inductively coupled plasma atomic emission spectrometry (ICP-AES) and energy-dispersive X-ray analysis (EDS) analysis showed the pyrite contained: 44.984% of Fe, 52.111% of S, 1.287% of SiO 2 , 0.27% of Al, 0.24% of Ca, 0.09% of Ti, and 0.018% of Co. The X-ray diffraction spectrum (XRD) (Figure 1a ) indicated that the pyrite sample was absolutely pure compared with the previous work [39] . Some pretreatment of pyrite samples was applied before carrying out the adsorption experiments. The mineral samples were cut into small slices using a Lab Cutter device (MC-120, Maruto, Fukuoka, Japan). After cutting, the pyrite samples were polished with 200 to 3500/5000 sandpaper and cleaned by ultrasonication in ethyl alcohol solution and deionized water to remove any possible contaminants and secondary oxides from the surface. Thereafter, the pyrite samples were dried under a vacuum. The XRD for the dried, treated sample (Figure 1b ) indicated the structure of pyrite (1 0 0). The pyrite samples were stored under a vacuum for subsequent experiments. For adsorption experiments, the pyrite samples were placed in 100-mL beakers containing 40 mL cysteine solution at room temperature. The beakers were sealed with sterile sealing membranes.
The X-ray photoelectron spectroscopy (XPS) measurements were performed at beamline 4B9B of Beijing Synchrotron Radiation Facility, Beijing, China. A 2.5 GeV electron storage ring and current of 250 mA were used during experiment. The spot size of incident light in XPS is about 2 × 0.8 mm 2 . The samples were taped to the center of the sample holder and put into the ultra-high vacuum chamber of 10 −9 Pa for data acquisition. An incident photon energy of 720 eV and a step size of 0.05 eV were used during fine scanning of C 1s, N 1s, O 1s, and S 2p photoelectron spectroscopy, and an incident photon energy of 900 eV and a step size of 0.05 eV were used during fine scanning of Fe 2p photoelectron spectroscopy. The variable photon energies were calibrated with a fresh Au polycrystalline film. Curve fitting and peak analysis of XPS data were conducted using CasaXPS 2.3.16 software. After tests, the energy peaks of photoelectron spectra of samples were calibrated by the characteristic peaks of 284.6 eV of C 1s. 
Results and Discussion

Bulk Pyrite Calculation
Comparing with experimental [20] and previous calculation parameters [35, 40] , the pyrite bulk parameters were optimized to build the pyrite (1 0 0) surface and validate the methodology. The bulk pyrite after optimizing is shown in Figure 2 . The results of lattice parameters are in Table 1 . It is obvious that our calculation results with the smallest error value of 0.22% are in good agreement with the experimental data, indicating that the calculation methods can provide reliable results for evaluating of cysteine adsorption on the pyrite (1 0 0) [20] . Previous work [40] 0.28%
Frontier Orbitals Analyses of Pyrite and Cysteine
Frontier orbital theory deems that HOMO and LUMO orbitals determine the properties of molecules. The interaction between pyrite (1 0 0) and cysteine molecule was evaluated by the inverse proportion in energy of HOMO, which donates electrons, and LUMO, which accepts electrons [41] . In another word, the smaller the absolute value of energy difference is, the more beneficial the interaction will be. Table 2 shows the frontier orbital energies results of HOMO and LUMO for pyrite and cysteine and the absolute values of ΔE1 and ΔE2, from which it can be seen that the interaction 
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Frontier Orbitals Analyses of Pyrite and Cysteine
Frontier orbital theory deems that HOMO and LUMO orbitals determine the properties of molecules. The interaction between pyrite (1 0 0) and cysteine molecule was evaluated by the inverse proportion in energy of HOMO, which donates electrons, and LUMO, which accepts electrons [41] . In another word, the smaller the absolute value of energy difference is, the more beneficial the interaction will be. Table 2 shows the frontier orbital energies results of HOMO and LUMO for pyrite and cysteine and the absolute values of ∆E 1 and ∆E 2 , from which it can be seen that the interaction mainly occurs between LUMO of pyrite and HOMO of cysteine rather than HOMO of pyrite and LUMO of cysteine. Table 3 . It shows that after optimization, the lengths (Å) between -S-S, -S-Fe, -N-S, -N-Fe, =O-S, =O-Fe, -O-S, and -O-Fe are 3.027, 2.330, 3.009, 2.176, 3.280, 2.171, 3.018, and 2.155, respectively. From the lengths, we can get that the interaction between cysteine and Fe is stronger than that between cysteine and S. Moreover, when -O adsorbs on the S site (4A in Figure 3 ), the lengths (Å) between -NH 3 and the Fe atom nearby is 2.144, which may enhance the adsorption of -O; And when -O adsorbs on the Fe site (4B in Figure 3 ), the lengths (Å) between =O, -NH 3 and the Fe atoms nearby are also very close (1.973, 2.090), which means that -O, =O, and -NH 3 react with Fe atoms of the surface in case 4B ( Figure 3 ). This suggests that the adsorption energy of case 4B (Figure 3 ) is the most negative.
The lengths (Å) of groups of cysteine before and after adsorption are shown in Table 4 . The results show that when cysteine adsorbs on site Fe, the bond lengths (Å) of -C-S, -C-N, -C=O, and -C-O are 1.828, 1.522, 1.234, and 1.493, respectively. All of them are larger than the bond lengths before adsorption, which is because the atoms react with Fe of pyrite (1 0 0) and then the bonds with C atoms are elongated. When cysteine adsorbs on site S, the bond lengths of -C-N, -C=O and -C-O are not much changed compared with that before adsorption, which means that there is no or less interaction between cysteine and S of pyrite (1 0 0). The bond length (Å) of -C-S after adsorption is 1.805, shorter than before adsorption (1.818), which may be because of the repulsion between the S atoms. In addition, the bond length (Å) of -S-H of cysteine in 1B is 1.369, larger than before adsorption (1.350), which means the tendency of cleavage of -S-H is in favor of the adsorption, and the result is in good agreement with the previous calculation [42] . 
Adsorption Energies and Mulliken Bond Populations
Adsorption Energies
The adsorption energy (E ad ) of cysteine on pyrite surface can be determined using the following equation:
where E surface+R is the energy of pyrite slab with the adsorbed cysteine, E surface is the energy of pyrite slab, and E amino acids is the energy of cysteine in the slab. The calculated values of cysteine adsorption energies on the pyrite (1 0 0) surfaces are displayed in Table 5 . The results show that all the adsorptions are exothermic because all the values in Table 5 are negative. In addition, the adsorption energy of R-COOH-Fe is the largest (absolute value), indicating that this configuration is the most thermodynamically preferred [43] , and is in good agreement with the length analysis above. Table 5 shows the Mulliken bond populations of the interaction between cysteine and pyrite (1 0 0) surface. The larger the values of the bond population are, the stronger the covalent interactions between cysteine and pyrite (1 0 0) surface are [44] , while the value is smaller, the stronger ionic bond is [38] . In addition, negative value indicates that the bond is anti-bonding or hydrogen bond. It can be concluded that when the cysteine adsorbs on site Fe, they can form bonds, along with the electron transfer, and when cysteine adsorbs on site S, there are no bonds or a very weak interaction between them, so no or few electrons transfer. This implies that the interactions between cysteine and site Fe are mainly chemical, and the interactions between cysteine and site S are mainly physical adsorption. This indicates that the surface chemical speciation has a decisive effect on the adsorption behavior [45] . According to this result, we can just adopt measures to make the proportion of Fe of pyrite (1 0 0) larger so that the cells can better adsorb on the pyrite, which can accelerate the bioleaching process. Only the systems that obviously form bonds are analyzed further. Figure 5 shows the projected density of states (PDOS) results of interactions between cysteine and surface atoms of pyrite. The E F value, the position of Fermi level, is 0 eV. Figure 5a-d shows PDOS of the interactions between S 3p and Fe 3d, between N 2p and Fe 3d, between =O 2p and Fe 3d, and between -O 2p and Fe 3d in pyrite (1 0 0) surface, respectively. It can be found that a substantial overlap occurred approximately at −8 to −2 eV, while anti-bonding in the range of 0-1 eV is very weak, which resulted in the strong bonding interaction between cysteine and Fe site of pyrite (1 0 0) surface [43] . The curves of =O-Fe and -O-Fe shift down to lower energies compared with N-Fe and S-Fe, and it can be because of more electrons transfer to Fe atom when the =O or -O atom adsorbs on the Fe site compared to the N or S atom [24] . Figure 5 shows the projected density of states (PDOS) results of interactions between cysteine and surface atoms of pyrite. The EF value, the position of Fermi level, is 0 eV. Figure 5a-d shows PDOS of the interactions between S 3p and Fe 3d, between N 2p and Fe 3d, between =O 2p and Fe 3d, and between -O 2p and Fe 3d in pyrite (1 0 0) surface, respectively. It can be found that a substantial overlap occurred approximately at −8 to −2eV, while anti-bonding in the range of 0-1 eV is very weak, which resulted in the strong bonding interaction between cysteine and Fe site of pyrite (1 0 0) surface [43] . The curves of =O-Fe and -O-Fe shift down to lower energies compared with N-Fe and S-Fe, and it can be because of more electrons transfer to Fe atom when the =O or -O atom adsorbs on the Fe site compared to the N or S atom [24] . 
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X-ray Photoelectron Spectroscopy Analysis of Pyrite (1 0 0) Surface Species
To corroborate the adsorption model sketched in Figure 3 , a detailed analysis of the identity of the surface species most likely responsible for cysteine adsorption on pyrite (1 0 0) was conducted by XPS spectroscopy. The survey (full range) XPS spectra and the high-resolution XPS spectra of pyrite (1 0 0) surface species before and after adsorption of cysteine are shown in Figures 6-8 , respectively.
The atomic concentrations derived from the survey spectra for samples before and after adsorption cysteine are shown in Table 6 . The results show that the most abundant element in the samples is carbon, contributing to 30.7% and 35.1% of the pyrite surface elements. A small amount of the carbon may come from the cysteine but most of the carbon was from adventitious carbon, taking into account no carbon in the original pyrite according to the ICP-AES and EDS analysis (Section 2.2). Oxygen is also abundant in the samples, which may come from different sources including oxides, adsorbed cysteine, and water. An increase of nitrogen and sulfur, but decrease of iron, was observed 
The atomic concentrations derived from the survey spectra for samples before and after adsorption cysteine are shown in Table 6 . The results show that the most abundant element in the samples is carbon, contributing to 30.7% and 35.1% of the pyrite surface elements. A small amount of the carbon may come from the cysteine but most of the carbon was from adventitious carbon, taking into account no carbon in the original pyrite according to the ICP-AES and EDS analysis (Section 2.2). Oxygen is also abundant in the samples, which may come from different sources including oxides, adsorbed cysteine, and water. An increase of nitrogen and sulfur, but decrease of iron, was observed in the sample after adsorption of cysteine. According to the results above, it can be inferred that the adsorption of the cysteine took place on the pyrite (1 0 0) surface. Figure 7 shows C 1s, S 2p, and Fe 2p XPS spectra for pyrite (1 0 0) before adsorption. The peak at 284.6 eV in Figure 7a is dominant by C functional groups including C-C/C-H, C-O, and COO-. That peak is characteristic of adventitious organic carbon. The Figure 7b shows that the two main peaks located at 162.4 eV and 163.6 eV appeared to be from S 2p spin-orbit doublet (S 2p 3/2 and S 2p 1/2 , respectively), with a splitting of 1.19 eV. The spectra contain the main peak at 162.4 eV, and the weak shoulder peak at 161.4 eV, which can be ascribed to disulfide (S 2 2− ) and monosulfide (S 2− ) species, respectively [46] [47] [48] . The distribution of sulfur species on pyrite (1 0 0) surface (Table 7) shows that the percentages of monosulfide and disulfide are 10.9% and 89.1% (atomic percent), respectively. This indicates that the sulfur species on pyrite (1 0 0) surface are mainly disulfide, with a small amount of monosulfide. In addition to S 2p XPS spectra, Fe 2p3/2 XPS spectra at 706.8 eV and 711.2 eV (Figure 7c ) can also be utilized to characterize the states of pyrite (1 0 0) surface. Therefore, the results of XPS analysis are in good agreement with the results of the DFT calculation. Figure 8 shows that, besides the fine XPS spectra of C 1s, S 2p, and Fe 2p, it also detects N 1s XPS spectra for pyrite (1 0 0) after adsorption of cysteine [49] , indicating that adsorption of cysteine occurred. The relative results of the quantification of sulfur species show that the percentages of monosulfide (S 2− ) and disulfide (S 2 2− ) were 18.5% and 67.1%, respectively, and polysulfide (S n 2− ) was detected at 14.4%. The polysulfide may be formed from monosulfide (S 2− ) and disulfide (S 2 2− ), which should be tested further. Compared to the spectra for the pyrite (1 0 0) surface before adsorption, the monosulfide (S 2− ) species increased from 10.9% to 18.5% and disulfide decreased from 89.1% to 67.1%, indicating that adsorption of cysteine occurred, and such adsorption has led to significant changes in the distribution of the surface sulfur species. Compared to before adsorption, the S 2p spectrum (Figure 8b ) for pyrite (1 0 0 apparently changed) after adsorption of cysteine, with the binding energy decreasing by 0.4 eV. However, for the Fe 2p spectrum (Figure 8c ) of pyrite (1 0 0) after adsorption of cysteine, there was a shift towards higher binding energy, indicating that electrons were transferred to Fe or that iron was partly oxidized, which corresponds to the chemical bonding between surface Fe of pyrite (1 0 0) and cysteine. These results corroborate the results of the DFT calculation.
To further confirm cysteine adsorption on the pyrite (1 0 0) surface and assess the chemical state of the cysteine upon adsorption, the high-resolution XPS spectra of the N elements are determined. Figure 8d shows high-resolution N 1s spectra for the pyrite (1 0 0) surface sample, with four deconvoluted peaks at BEs of 398.4, 399.4, 399.8, and 400.5 eV. This indicates that the N 1s signal detected by the survey scan is due to the cysteine adsorption [49] .
in the sample after adsorption of cysteine. According to the results above, it can be inferred that the adsorption of the cysteine took place on the pyrite (1 0 0) surface. Figure 7 shows C 1s, S 2p, and Fe 2p XPS spectra for pyrite (1 0 0) before adsorption. The peak at 284.6 eV in Figure 7a is dominant by C functional groups including C-C/C-H, C-O, and COO-. That peak is characteristic of adventitious organic carbon. The Figure 7b shows that the two main peaks located at 162.4 eV and 163.6 eV appeared to be from S 2p spin-orbit doublet (S 2p3/2 and S 2p1/2, respectively), with a splitting of 1.19 eV. The spectra contain the main peak at 162.4 eV, and the weak shoulder peak at 161.4 eV, which can be ascribed to disulfide (S2 2− ) and monosulfide (S 2− ) species, respectively [46] [47] [48] . The distribution of sulfur species on pyrite (1 0 0) surface (Table 7) shows that the percentages of monosulfide and disulfide are 10.9% and 89.1% (atomic percent), respectively. This indicates that the sulfur species on pyrite (1 0 0) surface are mainly disulfide, with a small amount of monosulfide. In addition to S 2p XPS spectra, Fe 2p3/2 XPS spectra at 706.8 eV and 711.2 eV ( Figure  7c ) can also be utilized to characterize the states of pyrite (1 0 0) surface. Therefore, the results of XPS analysis are in good agreement with the results of the DFT calculation. Figure 8 shows that, besides the fine XPS spectra of C 1s, S 2p, and Fe 2p, it also detects N 1s XPS spectra for pyrite (1 0 0) after adsorption of cysteine [49] , indicating that adsorption of cysteine occurred. The relative results of the quantification of sulfur species show that the percentages of monosulfide (S 2− ) and disulfide (S2 2− ) were 18.5% and 67.1%, respectively, and polysulfide (Sn 2− ) was detected at 14.4%. The polysulfide may be formed from monosulfide (S 2− ) and disulfide (S2 2− ), which should be tested further. Compared to the spectra for the pyrite (1 0 0) surface before adsorption, the monosulfide (S 2− ) species increased from 10.9% to 18.5% and disulfide decreased from 89.1% to 67.1%, indicating that adsorption of cysteine occurred, and such adsorption has led to significant changes in the distribution of the surface sulfur species. Compared to before adsorption, the S 2p spectrum (Figure 8b ) for pyrite (1 0 0 apparently changed) after adsorption of cysteine, with the binding energy decreasing by 0.4 eV. However, for the Fe 2p spectrum (Figure 8c ) of pyrite (1 0 0) after adsorption of cysteine, there was a shift towards higher binding energy, indicating that electrons were transferred to Fe or that iron was partly oxidized, which corresponds to the chemical bonding between surface Fe of pyrite (1 0 0) and cysteine. These results corroborate the results of the DFT calculation.
To further confirm cysteine adsorption on the pyrite (1 0 0) surface and assess the chemical state of the cysteine upon adsorption, the high-resolution XPS spectra of the N elements are determined. Figure 8d shows high-resolution N 1s spectra for the pyrite (1 0 0) surface sample, with four deconvoluted peaks at BEs of 398.4, 399.4, 399.8, and 400.5 eV. This indicates that the N 1s signal detected by the survey scan is due to the cysteine adsorption [49] . 
Conclusions
The interfacial interaction between pyrite surface and different groups of cysteine, including -SH, -NH + 3 , and -COOH, was systematically studied using DFT calculation and XPS measurements in this work; we obtained the interaction orbitals, the optimized adsorption configurations, the adsorption energies, the types of bonds, the direction of the electrons transfer, and the projected density of states when cysteine adsorbed on the pyrite (1 0 0). These results provide an alternative way of understanding the interfacial interaction between microbes and sulfide mineral surface at the quantum level and give us a method that is simple and effective for evaluating the interfacial interaction.
From the DFT calculation, it was found that the cysteine adsorbs strongly on the Fe of pyrite (1 0 0) mainly by chemical bonding, while on the S of pyrite (1 0 0) it is mainly by physical adsorption. It may be concluded that the pyrite can accept electrons from cysteine, and Fe of pyrite (1 0 0) surface is lacking electrons while S of pyrite (1 0 0) surface is electronegative, so cysteine can adsorb on the Fe site by chemical bonding. The XPS spectra qualitatively confirm the presence of cysteine adsorption on the pyrite (1 0 0) surface. These results not only help us understand the mechanism of cells adsorbing on the pyrite, but also give us a possible way to improve the rate of bioleaching, which is meaningful for the commercial process.
